To validate an LC-MS/MS method for simultaneous determination of deoxynivalenol (DON) and its acetylated derivatives, 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol (15ADON), in wheat using a multifunctional column, an inter-laboratory study was performed in 9 laboratories using one blank wheat sample, three spiked wheat samples (10, 50, 150 μg/kg) and one naturally contaminated wheat sample. The recoveries ranged from 98.8 to 102.6％ for DON, 89.3 to 98.7％ for 3ADON, and from 84.9 to 90.0％ for 15ADON. The relative standard deviations for repeatability (RSDr) and reproducibility (RSDr) of DON were in the ranges of 7.2-11.3％ and 9.5-22.6％, respectively. For 3ADON, the RSDr ranged from 5.3 to 9.5％ and the RSDr ranged from 16.1 to 18.0％, while for 15ADON, the RSDr ranged from 6.2 to 11.2％ and the RSDr ranged from 17.0 to 27.2％. The HorRat values for the three analytes ranged from 0.4 to 1.2. These results validate this method for the simultaneous determination of DON and its acetylated derivatives, 3ADON and 15ADON.
Introduction
Deoxynivalenol (DON), a trichothecene mycotoxin produced by Fusarium species, is frequently detected in cereals such as wheat, corn and barley 1) . DON causes adverse events in humans and animals. Acute effects of DON in humans include nausea, vomiting, diarrhoea and blood in the stool, and chronic effects at low dietary concentrations include growth retardation and reduced food consumption 2), 3) . In 2001, the Joint FAO/WHO Expert Committee on Food Additives (JECFA) established the provisional maximum tolerable daily intake (PMTDI) of DON for humans at 1.0 μg/kg body weight per day 4) . To decrease human intake of DON, the Ministry of Health, Labour and Welfare of Japan set a provisional standard of 1.1 mg/kg of DON in wheat grain in 2002. However, few countries have established regulatory limits or guidance concentrations for DON in foods and feeds.
Two kinds of acetylated derivatives of DON, 15-acetyldeoxynivalenol (15ADON) and 3-acetyl-deoxynivalenol (3ADON), are frequently found in DON-contaminated samples. For example, the relative concentration of 15ADON detected in corn-based food was about 15％ higher than that of DON, while 3ADON was detected in wheat and barley at concentrations below 10 μg/kg 5), 6) . A median lethal dose (LD 50 ) study indicated that the toxicity of acetylated DON compounds in mouse was similar to that of DON 7) . When pigs were fed a commercial diet supplemented with 3ADON, DON was detected in plas-* y-konishi@nihs.go.jp ma as soon as 20 min after feeding started, but no trace of 3ADON was found in plasma, urine or feces 8) . Based on these toxicological and pharmacokinetics data, JEC-FA in 2010 evaluated the health risk of acetylated DON compounds and established that they were converted to DON in vivo and that they contribute to the total DONinduced toxicity. Consequently, the PMTDI was set at 1.0 μg/kg of body weight per day for DON and its acetylated derivatives 9) . In response to this evaluation, the occurrence of 3ADON and 15ADON has started to attract more attention.
Many methods for the quantification of trichothecene mycotoxins using GC-MS, LC-MS or LC-MS/MS have been reported 10)-12) . In recent years, LC-MS/MS has become very popular and methods for the determination of several kinds of trichothecenes have been developed, although only a few methods enable precise quantification of 3ADON and 15ADON. As the two acetylated DONs are isomers and the only difference in structure is the position of the acetyl group, HPLC retention times and most MS/MS daughter ions are similar for the two compounds. This is the reason why it is difficult to distinguish and quantify them precisely, and an analytical method which enables reliable quantification of 3ADON and 15ADON is required worldwide. We previously developed optimized HPLC conditions for separating 3ADON and 15ADON and reported a method for the simultaneous determination of DON, 3ADON and 15ADON by LC-MS/MS 5) . In this study, we validated the method for quantifying DON and its acetylated derivatives in wheat through an inter-laboratory study.
Materials and Methods

Chemicals
Solid crystals of DON (purity: 99.0％), 3ADON (purity: 98.0％) and 15ADON (purity: 98.5％) were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Each compound was dissolved in acetonitrile (each 50 μg/mL) and the solution was stored at -20℃. Portions of the three stock solutions were mixed and diluted with acetonitrile to make a mixed standard solution (10 μg/mL each of DON, 3ADON and 15ADON) and three concentrations of mixed spiking solutions (1, 5, 15 μg/mL each of DON, 3ADON, 15ADON). LC/MS-grade acetonitrile and water were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The Autoprep MF-T 1500 (Showa Denko K. K., Tokyo, Japan) was used as a multifunctional column.
Preparation of samples
Blank wheat and naturally contaminated wheat were purchased from Trilogy Analytical Laboratory Inc. 
Protocol used by participants
The method validated in this study is based on our previous report 5) (Fig. 1) . Briefly, 25.0 g of sample was extracted with 100 mL of acetonitrile-water (85 : 15) statically for 10 min, followed by shaking for 30 min. The extract was transferred to a 50 mL centrifuge tube and centrifuged at 1,500 g for 5 min. Aliquots of 10 mL of the supernatant were applied to a multifunctional column (Autoprep MF-T 1500) without pre-conditioning.
The first 3 mL of eluate was discarded, and the next 2 mL was collected. The collected eluate was dried under nitrogen at approximately 40℃. The residue was dissolved in 500 µL of acetonitrile-water (10 : 90). After centrifugation (10,000 g, 5 min), the sample was subjected to LC-MS/MS analysis.
LC-MS/MS conditions
Each laboratory determined the DON, the flow rate was set at 0.4 mL/min. Electrospray ionization in the negative mode was used. The selected reaction monitoring mode of LC-MS/MS and all other conditions were set by each laboratory so that the height of the signal peak of 5 ng/mL standard solution was more than 10 times larger than the background noise level. 
Calibration curve
Inter-laboratory study design
To validate the method, an inter-laboratory study was carried out using five materials (three spiked samples of wheat, naturally contaminated wheat, and a blank sample). The study involved 9 laboratories in Japan and one laboratory in Taiwan.
Statistics
The results from participants were initially evaluated for evidence of outliers using statistical Cochran (between duplicates) and Grubbs single and Grubbs pair value tests (between laboratory means) 13) . The relative standard deviations for repeatability (RSDr) and reproducibility (RSDr), and the HorRat value, which is the ratio of the RSDr to the predicted RSDr, were obtained using an analysis of variance according to the AOAC guideline 14) . The predicted RSDr of the HorRat value was calculated according to the Thompson report 15) . The criteria for analytical methods mentioned in Commission Regulation (EC) No. 401/2006 16) were used for evaluation of these parameters. The homogeneity and average concentrations of DON, 3ADON and 15ADON in the naturally contaminated wheat supplied in this study were tested before the materials were distributed. FTests at the 95％ confidence level showed that the naturally contaminated wheat could be regarded as homogeneous because the calculated F-value was less than the critical value. The mean DON, 3ADON and 15ADON concentrations calculated from the homogeneity test were 891.5 31.2 μg/kg, 7.7 0.3 μg/kg and 19.8 0.1 μg/ kg, respectively. In the blank sample, 4.7 0.6 μg/kg of DON was detected, but the concentrations of 3ADON and 15ADON were below LOD (1 μg/kg).
Results and Discussion
The measurement conditions of each laboratory are shown in Table 1 . Laboratory A changed the HPLC solvent from water to 0.5 mmol/L aqueous ammonium acetate solution containing 0.1％ acetic acid and two laboratories (B and D) changed it from water to 10 mmol/L aqueous ammonium acetate solution because the three laboratories could not obtain sufficient sensitivity to detect 5 ng/mL of 15ADON by the method described in the protocol. In order to separate 3ADON and 15ADON, three laboratories (B, D and E) change the gradient HPLC method and laboratory D changed the HPLC solvent from acetonitrile to methanol.
The results of the inter-laboratory study are shown in Table 2 (DON), Table 3 (3ADON) and Table 4 (15ADON). The result of one laboratory was eliminated because of a protocol violation. In the DON fortification test, eight laboratories detected DON in the blank sample and the mean value was 3.3 μg/kg. To calculate recovery, the mean value of the blank sample was subtracted from each measured value for each laboratory.
One outlier was observed in the sample spiked at the 10 μg/kg level. The recovery, RSDr and RSDr were in the ranges of 98.8-102.6％, 7.2-11.3％ and 9.5-22.6％, respectively. The HorRat value ranged from 0.4-0.9. The LOQs of eight laboratories were below 1.0 μg/kg, but that of one laboratory was 12 μg/kg. In the fortification test of 3ADON and 15ADON, no laboratory detected more than 1 μg/kg of these analytes in the blank sample. One outlier was observed in the sample spiked at the 10 μg/kg level of 3ADON. The recovery, RSDr and RSDr were in the ranges of 84.9-98.7％, 5.3-11.2％ and 16.1-27.2％, respectively. The HorRat value ranged from 0.5-1.2. LOQs of all laboratories were below 5.0 μg/kg.
According to the criteria for analytical methods mentioned in Commission Regulation (EC) No. 401/2006, the recovery, RSDr and RSDr for ＞100-≤ 500 μg/kg of DON are required to be in the ranges of 60-110％, ≤ 20％ and ≤ 40％, respectively; for ＞500 μg/kg of DON, the levels are required to be in the ranges of 70-120％, ≤ 20％ and ≤ 40％, respectively 16) . Although criteria for 3ADON and 15ADON, and concentrations less than 100 μg/kg were not provided, the values obtained from this study were in good agreement with the criteria. A range of 0.5-1.5 for the HorRat value is acceptable according to AOAC International 14) . The HorRat value of 10 μg/kg in the DON-spiked sample was less than 0.5, but no problems were recognized throughout this inter-laboratory study. For naturally contaminated wheat, all parameters satisfied the above-mentioned criteria, although one outlier was observed in the DON result.
Aoyama et al. reported an inter-laboratory study for the determination of DON and nivalenol in wheat using an LC-MS(/MS) method coupled with a multifunctional column 17) . In their study, the concentrations of the fortification test were set at 100, 500 and 1,000 μg/kg and the results for DON were: recovery: (90-110％), RSDr (3.8-6.9％), RSDr (10.8-17.5％), HorRat value (0.6-0.8). Because the concentrations of the spiked sample were quite different from those in our study, it is not reasonable to compare the results of the two studies, though the results of the methods in this paper are similar to theirs. With regard to DON acetylated derivatives, some single laboratory studies have outlined a method to de- , but an inter-laboratory study has not yet been reported. The present one is the first. Because the Codex general standard for DON and these derivatives is now under consideration, information about analytical methods to determine them is important.
Our results provide a validated method to study the status of contamination with DON and its acetylated derivatives in wheat. Data on the occurrence of these mycotoxins is important for dietary exposure assessment and establishment of a standard value.
